A surprising facet of the Listeria lnonocytogenes genorne is the presence of 15 genes that code for regulators in the Crp/ For family and include the virulence regulator PrfA. The genes under the transcriptional control of these regulators are currently undetermined, with the exception of some genes controlled by the major virulence regulator PrfA. Using 12 strains of L. monocvtogenes, each with an inserted gene cassette that interrupts and renders nonfunctional a different L. monocvtogenes strain F2365 CrplFnr regulator, we heat challenged each strain at 60°C with an immersed-coil heating apparatus, modeled the survivor data to calculate the underlying mean and mode of the heat resistance distribution for each strain, and compared the thermal tolerance of each mutant to the wild-type strain to determine if any of the Crp/Fnr mutants demonstrated altered heat tolerance. All 12 of the Crp/Fnr mutant strains tested had heat resistance characteristics similar to the wild-type strain (P > 0.05), indicating that mutations in these Crp/Fnr genes neither increased nor decreased the sensitivity of L. tn000cvto,qenes strain F2365 to mild heat.
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The availability of whole genome sequencing data for at least four strains of Listeria inonocyrogenes has created opportunities for exploring unique genomie features for their potential to affect food safety and pathogenesis. One aspect of the whole genome sequence comparisons that we have been particularly interested in is the observation that L. rnonocvro genes has an especially large number of regulatory genes in the Crp/Fnr family (3, 8) . In comparison.
Escherichia co/i has three Crp/Fnr family regulators, and
Bacillus subtilis has only one (4) . The presence of so many of these regulatory genes indicates that they most likely play a significant role in L. Inonocvrogenes cellular function during some part of the organism's normal existence. Since the roles of these regulators, the genes that they target, and the conditions under which they are exerting their effects are largely unknown, we used 12 L. /nonocvto genes strain F2365 Crp/Fnr mutants, created through site-specific recombination, to begin studying the behavior of these knockout mutants. These isogenic mutants are being used in comparative studies in an effort to determine if there are phenotypic differences between any of the mutants and the parent strain, which would provide an indication of the functional role for these regulators in Listeria. A previous study indicated a possible oxidative stress response function° Author for correspondence. Tel: 215-233-6678-. Fax: 215-233-658; E-mail: dbayles@errc.ars.usda.gov. t Mention 01 trade names or commercial products in this article is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the VS. Dcpartiiieist of Agriculture.
for two of these regulators (11). We chose not to study three of the Crp/Fnr homolog mutants, since one was not able to he integrated (II), one was found to be unstable, and the third, pj'A, has been extensively studied elsewhere. PrfA has been previously shown to he a primary regulator of virulence gene expression in L. monocvlogenes (12) and has also been implicated in the activation and repression of various other genes involved in responding to stress (7) . The Crp/Fnr family of regulatory proteins has been recognized as controlling a variety of physiological functions that include aspects of metabolism, catabolism, virulence, and responses to environmental stress (4). Some Crp/Fnr regulators are directly involved in responses to oxidative stress (4), while others (i.e., PrfA) have been implicated in the indirect regulation of genes involved in responding to osmotic stress, cold stress, and other general stresses (7). Since thermal treatments are a commonly used means of bacterial inactivation in foods, we thermally challenged the 12 mutants and the wild-type strain to determine if any of the Crp/Fnr knockout mutants exhibited altered resistance (either increased or decreased) to thermal inactivation and therefore have the potential to serve as targets for food safety interventions. Probability that the average heat resistance mean is significantly different from the control. 95% CL for the difference of the average mean from the control.
MATERIALS AND METHODS
genes F2365 Crp/Fnr regulators by site-specific recombination (11). Table 1 lists the strain F2365 genes mutagenized along with the designation for each mutant. A standardized procedure (6) was used for generating working stocks for inoculations conducted throughout the course of experimentation. Prior to each experiment. one frozen tube of the working stock was thawed at room temperature. and 200 p.1 was transferred into 20 ml of brain heart infusion broth (Difco, Becton Dickinson, Sparks, Md.) the culture was then incubated at 37°C with shaking at 100 rpm. After 6 h, 200 0 of this cell culture was used to inoculate 20 ml of fresh brain heart infusion broth, and the culture was incubated at 37°C for 18 h with shaking at 100 rpm. Thermal challenge. Thermal challenge studies were conducted with a Colworth House submerged-coil heating apparatus (2) equilibrated to 60°C. Previous studies showed that this challenge temperature would sensitively uncover changes in L. mooocvrogenes thermal resistance (1). Each culture (approximately 1 X 10" CFU ml I) was thermal challenged by directly injecting --9 ml of the culture into the immersed heating coil. Heat-treated samples were collected at 1-min intervals over 10 min of treatment. A portion of each sample was plated prior to thermal challenge to determine the pretreatment CFU per milliliter. The collected samples were cooled immediately in an ice-water bath, diluted with 0.1% peptone (pH 6.8 Difco, Becton Dickinson), and then plated in duplicate with an automated spiral plater (Autoplate 2000. Spiral Systems, Cincinnati. Ohio). Inoculated plates were incubated for 24 h at 37°C, and the number of CFU per milliliter was determined. Four replicate trials were conducted for each mutant strain and the wild-type control.
Statistical analyses and curve fitting. The survivor data were fitted with the equation S(i) = exp(-ht°). This assumes the
Weibull model, where S is the percentage of survivors at time t, and b and n are constants that describe the scale and shape parameters of the fitted curve. This modeling approach considers the survivor curve the cumulative distribution of lethal events and treats this distribution as a reflection of the sensitivity present in the population (9) . The estimates for b and n obtained from the nonlinear regression analysis are used to calculate the mode, mean, and variance of the underlying frequency distribution of heat resistance in the tested populations (9) . Curve fitting was performed by the SAS/STAT software, version 9, NLIN procedure (JO). The constants b and n, obtained from the nonlinear regression analysis, were subsequently used to calculate the mode and mean of the heat resistance distribution within each population of cells. The heat resistance distribution characteristics derived for each Crp/Fnr mutagenized strain were compared to the wild-type strain by the SAS/STAT MIXED procedure (10) and Dunneti's test was used to adjust for the multiple comparisons to the wildtype control.
RESULTS AND DISCUSSION
The gene knockouts constructed, along with the primers used to verify each insertion, have previously been published (11). Each of the knockout mutations was verified by PCR analysis to ascertain that there was a single insertion and to verify the position of each insertion. We previously published extensive genome analyses of these mutants to address questions of possible polar effects (II). On the basis of this analysis, we concluded that eight of the genes inactivated (LMOf2365_01 30. LMOf2365_0 171, LMOf2365_0626. LMOf2365_0770. LMOf2365_1 265, LMOf2365_2 165, LMOf2365_2 166, and LMOf2365_273 1) were not located in operons and would be transcribed independently, two of the genes inactivated (LMOf2365_0294 and LMOf2365_0301) were terminal members in their respective operons and unlikely to exert polar effects, and two of the genes inactivated (LMOf2365_0577 and LMOf2365_0777) might potentially have polar effects. If phenotypic differences are observed for genes that might have polar effects, the appropriate complementation test can be performed to ascertain whether the effect is due to the gene in question or the result of a polar effect. All the knockout strains listed in Table I were subjected to thermal challenge at 60°C, which allowed sufficient survivor data to be collected so that the data could be modeled and statistically compared. Once the survivor data were modeled, the underlying distribution of heat resistance within each challenged population was estimated (9) . This approach allowed sampling of the resistance distributions within each population and allowed us to statistically evaluate whether there were changes in heat resistance in any of the mutants compared to the control. Previously, a similar approach was used to determine the heat resistance shifts in L. monocytogenes populations that occurred when the growth conditions and the inactivation conditions were changed prior to thermal inactivation (1). Plots of the distributions were indicative of normal distributions. Statistical comparisons were made for the average means (Table 1) and average modes of the heat resistance distributions between the parental control and each mutant strain. Since the 95% confidence limits for the difference of each mutant average compared to the control contained zero, both measures of central tendency indicated that the Crp/Fnr-like mutants had average heat resistance distributions that were statistically indistinguishable from the wild-type control strain (P > 0.05). This indicates that mutagenesis of the Crp/Fnr-type genes in L. rnonocvto genes did not significantly increase or decrease L. nionocylogenes thermal tolerance under mild heating conditions. Additionally, this suggests that the genes regulated by these CrpfFnr-type regulators do not play a significant role in the mechanisms relating to moderate heat tolerance. We did not test for a difference in heat tolerance at higher challenge temperatures, since it is unlikely any difference would be detectable because of the short survival times at higher temperatures. It is possible that treating the different strains to a nonlethal heat treatment would reveal a role for these potential regulators in general adaptations to heat. It is also possible that synergistic interactions would be seen if the cells were exposed to a different environment or heating menstruum.
One strain, K07, nearly missed reaching significance for an average heat resistance distribution mode that was greater than the control (95% confidence interval: 1.03 to 2.07 mm, control; 2.05 to 3.08 min, K07). Studying this mutant at several additional thermal challenge temperatures might reveal whether the K07 genotype could show an increased resistance to heat compared to the control under certain conditions. Together, the data from these studies indicate that the Crp/Fnr-like genes do not generally increase or decrease the heat resistance distribution of thermally challenged L. menocytogenes. These data also indicate that the Crp/Fnr-like genes, and possibly the genes they regulate, are not good targets for interventions designed to improve lethality in conjunction with heat treatment. Additional tests are under way to analyze the expression of these L. nionocvtogenes Crp/Fnr genes, to elucidate their regulatory networks, and to provide insight into the functional roles of these abundant L. monocvtogenes regulators.
